The reflectance spectra of chirped fiber Bragg gratings can depend substantially on the direction from which the measurement is taken. The measured difference between forward and backward reflectance spectra measured in a linearly chirped grating was shown to be due to the measured excess loss. Simulation using the popular transfer-matrix model demonstrated that the observed asymmetric behavior could be obtained only when excess loss has an asymmetric spectral shape about the local Bragg wavelengths. Application of cladding mode excess losses to the result of a transfer-matrix model accounted for the experimental observation.
INTRODUCTION
A fiber Bragg grating (FBG) consists of a sinusoidal modulation of refractive index along the core of an optical fiber with period ⌳. Light traveling along the grating is backscattered by the modulation. In the Bragg condition where the wavelength is B =2⌳, the backscatter is resonant, and strong reflection results. The period of modulation gradually varies along a chirped FBG. Such chirped gratings have a relatively broad reflection spectrum, since there exists a region in the grating at which each of a range of wavelengths is close to the local Bragg resonance wavelength.
The FBG is one of the most thoroughly studied optical fiber components in the literature. A plethora of experimental methods for their fabrication [1] [2] [3] [4] [5] and theoretical treatment of calculation of the spectra [6] [7] [8] [9] [10] has been published since the development of the side-inscription method by Meltz et al. 11 However, the majority of works use the assumption that the propagation of light in the grating is described entirely by forward and backward propagation of the fundamental transverse mode of the host optical fiber. 12 That assumption implies ideal lossless behavior and neglects the impairment of coupling to cladding and radiation modes. Where excess loss is modeled, for example, in the review paper by Erdogan, 13 it is most usually represented as a constant ␣. In this paper, we present an experimental observation that can be explained only by a more detailed examination of the excess losses, and this contributes a perfect example of asymmetric behavior in spectra of FBGs.
The fact that the complex spectrum of a FBG when illuminated from one side is not identical to the complex spectrum when illuminated from the opposite side is well known and is especially true for the dispersion characteristics of asymmetric gratings. Such asymmetric designs are utilized in dispersion compensators for high-speed optical communication. [14] [15] [16] [17] [18] However, the majority of works concentrate on the dispersion properties of the gratings. To our knowledge, there are few reports of the power reflectance spectrum being distorted by the excess loss, which influences the design and performance of dispersion compensators. 19, 20 Chirped FBGs have been used as intragrating sensors of temperature and strain profiles. [21] [22] [23] [24] The technique works because the location of each spectral region is determined from the chirp function along the grating B ͑z͒. 25 It is possible to relate the temperature or strain profile to changes in the amplitude spectrum of the grating, since optical fibers can be embedded in composite materials. 26 This can be utilized in materials science to detect crack formation 27 or in structural engineering to check uniformity of strain. By application of an approximate formula to integrate the differences between a reference spectrum and a measured spectrum taken after load has been applied, it is possible to find the strain profile around features such as holes and notches in a structural member. 21, 22 Given an estimate of the function of the expected strain distribution, it is possible to find the profile by application of iterative hypothesis testing and model fitting. 22, 28 A variety of other methods exist, [29] [30] [31] [32] and in all cases reported in the literature the calculation method assumes that excess loss is negligible. Better understanding of the excess loss aids development of accurate strain profile measurement systems. Such systems are of benefit to validation of structural engineering models and of use in materials science. 26 Since each narrow range of wavelengths is associated with a location in the grating, chirped FBG devices have been demonstrated to provide dispersion compensation for communication systems, which use the greater delay in traveling to the far end of the grating and back than in being reflected at the front. Dispersion compensators may be designed by layer-peeling algorithms, whereby the desired phase and amplitude spectrum is approximated and the leading edge of the grating is reverse engineered from the leading edge of the desired impulse response. 33 However the published layer-peeling algorithm inherently assumes the ideal lossless condition, and it may be that better understanding of loss in chirped FBG can assist with reduction of the trial and error necessary to fabricate high-quality dispersion compensators. [34] [35] [36] In this paper, a case study recording and explaining the influence of excess loss in a heavily exposed grating with a fast chirp rate is presented.
EXPERIMENTAL METHOD A. Fabrication of Chirped Fiber Bragg Grating
Standard telecommunications fiber was hydrogen loaded at approximately 100 atm, 40°C for 100 h. A scanning FBG fabrication system was employed to expose a stripped section of fiber with a cw beam of Ͼ200 mW, 244 nm through a chirped phase mask. The beam of ϳ1.0 mm full width to 1 / e 2 was scanned along an 18 mm length, with a phase mask shaker (dither) used to flatten the average exposure, and controlled apodization was applied by gradually increasing the dither toward the grating ends. The phase mask was linearly chirped to vary the local Bragg resonant wavelength Bragg at 19 nm/ cm, and the grating was 16 mm in length. The exposure was performed at controlled scan velocity using a highperformance linear translation stage. Owing to the high chirp rate, a slow exposure was employed, delivering approximately 6 kJ/ cm −2 at the fiber core. After fabrication, the sample was annealed for 150 s at 330°C to accelerate H 2 outgassing and improve stability.
B. Measurement of Reflection Spectra
The transmission spectrum was measured with an optical spectrum analyzer (OSA) and a superluminescent (SLED) broadband source. The reflectance spectrum of the FBG was measured with the SLED illuminating the FBG via a 50:50 coupler, whose return loss was measured for normalization. The OSA recorded the return spectrum through the second coupler input. Reflectance data were normalized against the measured source power and coupler round-trip losses. The orientation of the grating was confirmed by touching a wire electrically heated at 80°C against the grating at two locations while observing the perturbation to the reflectance spectrum caused by local thermo-optic changes. Figure 1 shows the spectra when measured from opposite ends of the grating. Spectrum A employed the usual configuration, whereby light entered and left the grating at the blue end, whose Bragg wavelength is closer to 1500 nm. The reverse configuration, where light entered and left the grating at the red end, recorded a substantially different reflectance spectrum B. That asymmetric behavior is the subject of this paper. Figure 2 shows the measured transmittance T͑͒ of the chirped grating of Fig. 1 , along with the excess loss X found by addition of reflectance spectrum A to the transmittance C according to
EXPERIMENTAL RESULTS
Excess loss X is a measurement of the fraction of light that enters the grating but does not leave it in the fundamental transverse mode of the fiber by either reflection or transmission. This includes scattering in the grating region, coupling to radiation modes, and coupling to cladding modes.
In spectrum A, light is reflected at a particular location in the grating and returns. In contrast, light of spectrum B passes through the region of cladding mode losses at its particular wavelength, is reflected at the location where it is resonant with the grating period, and passes a second time through the region of cladding mode losses before returning to the coupler for measurement. Therefore, spec- trum B experiences the excess loss twice, whereas light of spectrum A never reaches it.
In our experimental setup, there was an additional spectrally uniform excess loss due to imperfect splices or connectors. The uniform losses are normalized to highlight the influence of the shape of X͑͒ in explaining the difference between A and B. A prediction BЈ of R red ͑͒ is given by Figure 3 shows the spectrum R red ͑͒ and is calculated by Eq. (2), which assumes that the shaped component of X͑͒ is entirely due to localized loss on the shorterwavelength side of the local Bragg resonance. This generates a spectrum BЈ that was similar to the measured B, verifying Eq. (2) with experimental data. The remainder of this paper concerns application of spectrally shaped losses in a transfer-matrix model (TMM) of the Bragg grating.
TRANSFER-MATRIX MODEL WITH EXCESS LOSS
The conventional TMM was implemented in the frequency domain as described in the standard texts. 1 The grating is divided into N segments, and the spectral dependence of transmission and reflection of each is modeled by a 2 ϫ 2 matrix defining coupling between forward and backward fields U and V of a single-moded fiber. As per convention, the calculation is performed as a function of frequency detuning ␦ defined within the nth section by Eq. (3), with B as the local Bragg wavelength defined in each section of the grating and as the mode-averaged refractive index of unexposed fiber,
͑3͒
The reflective coupling constant is defined by Eq. (4) from the amplitude ␦ ac of the principal sinusoidal component of refractive index modulation, averaged over the transverse fundamental mode: = ␦ ac .
͑4͒
The transmissive self-coupling constant is slightly modified from ␦ to account for the average refractive index, which may vary as a function ␦ dc ͑z͒, which is the dc component of refractive index change:
͑5͒
Unlike the conventional texts, where chirp is accounted for by a phase term in Eq. (5), in our model the local Bragg wavelength B is defined in each section, and detuning ␦ is calculated separately in each section. The wave propagation constant is defined as ␥ in
͑6͒ This is imaginary for wavelike propagation and real within the stop band of a section where ͉ ͉ Ͻ .
The transmission self-coupling t of fields in transit along the nth section of length ⌬z is defined by
The reflectance of the section is defined by
Equations (7) and (8) represent the analytic solution of transmittance V͑z + ⌬z͒ / V͑z͒ and reflectance U͑z + ⌬z͒ / V͑z + ⌬z͒ found by integrating the coupled-mode Eqs. (9) and (10) along a uniform grating section of length ⌬z:
The nth section is then represented by a transfer matrix M operating on the forward and backward propagating fields U and V according to
͑11͒
The transfer matrix is detailed in The coupling constant ͑z͒ represents the strength of reflectance contributions per unit length, the self-coupling constant ͑z , ␦͒ represents the rate of change of phase, and the parameter ␥͑z , ␦͒ is a complex propagation constant. Multiplication of the N-element matrices according to Eq. (11) provides the reverse transfer matrix G of the whole grating at a particular value of :
M. ͑13͒
Since G is a reverse transfer matrix, the transmittance is the reciprocal of the first diagonal element t =1/G 11 , and the power transmittance is T = ͉t͉ 2 . The reflectance r is obtained from the reverse transfer matrix by taking the ratio of launched to reflected power r = G 21 / G 22 . The power reflectance is R = ͉r͉ 2 . Spectrally uniform scattering loss in such a model has previously been implemented for a loss of ␣ cm −1 by inserting a loss multiplier exp͑␣⌬z͒ between sections or, equivalently, by use of the imaginary component of the complex propagation constant.
In this work, we investigate loss that is a function of frequency detuning ␦ = ␤ − ␤ B ͑z͒ from the local Bragg condition ␤ B ͑z͒ =2 / B ͑z͒. The loss spectrum is dependent on position z. Excess loss was defined as an exponential, within the range from ␦ =4ϫ 10 −6 to 80ϫ 10 −6 . This is approximately 1 to 20 nm below the local B ͑z͒ and crudely models the envelope of cladding mode losses if the grating segment was fabricated alone. The strength of the loss function peaked at approximately 6 cm −1 within the grating region and was set to zero elsewhere by making the losses proportional to the grating apodization function. In each section number n in a series of N sections, we compute the excess loss spectrum ␣͑͒ and apply its reciprocal to each transfer matrix M n in Eq. (13) . The transfer matrix of the grating with spectrally dependent loss is then given by
The spectral dependence of loss relative to the local Bragg wavelength is shown in Fig. 4 . The transfer matrix is evaluated at each wavelength point in a range, typically from 1530 to 1550 nm. When this model is compared with a standard TMM, the reflectance spectrum was unchanged, since it was normalized, and is taken as the model prediction for A. Only the calculated transmission spectrum is changed by the loss ␣͑͒ in the model. An excess loss spectrum was found by comparing the calculated transmission spectrum T͑͒ with lossless transmission of 1-R͑͒. Hence the excess loss spectrum X͑͒ is found by
The excess loss squared of the modeled transmission was applied to A to calculate the reverse-direction reflectance spectrum B according to
The calculated spectra A, according to Eq. (14) , and B, with the modification according to Eq. (16) , are shown in Fig. 5 . The major features of the experimental data of Fig.  1 are present in the result of the calculations. It was found that the spectral shape of the excess loss spectrum required to fit spectrum B was not clearly determined but was limited to the range of −1 to − 20 nm from the Bragg resonance. This was consistent with the form and bandwidth to the envelope of cladding mode losses in a standard unchirped FBG. Light reflected by the chirped grating via path A reached its local Bragg wavelength without encountering losses. Light reflected via path B passed through the region of cladding mode losses twice.
DISCUSSION
The authors note that this approach is appropriate in chirped gratings when the excess loss spectrum ␣͑␦ , z͒ is entirely to one side of the local Bragg resonance at ␦ =0 such that excess loss is not encountered by illumination from one end of the grating. In a lossless grating, computation time would be slowed down by taking the approach that we have used, but, with losses defined by detuning, it is unavoidable to perform the equivalent to a recalculation of ␦ in each section, so that the local spectrally dependent loss may be calculated. Owing to repetitive recalculation of a local ␦, this method is at least 30% more computationally intensive than the conventional TMM. Should a situation arise in which there is spectrally shaped excess loss to both sides of the local Bragg resonance, then one should calculate a lossless reflectance spectrum, then separately calculate excess losses due to one half of the spectrally dependent loss, which is applied to A, and then calculate the excess losses to the shortwavelength side to apply to B. Such losses due to scattering or other effects may have resulted in the peak of measured spectrum A being lower than the peak of measured spectrum B. However, the variation is within the uncertainty of connector and splice losses in our measurement system.
The simulated data were calculated using the assumption that the excess loss profile was exponential. This provided a reasonable fit to the measurements despite being far from an accurate representation of the cladding mode loss envelope. 19 A reasonable fit to the measured data could also be obtained by assuming a parabolic excess loss to one side of the local Bragg resonance. 36 We observe that loss measurements were not sufficient to accurately deconvolve the shape of the loss profile in our broadly chirped gratings.
We have presented a compelling example of spectrally dependent excess loss causing the reflectance spectra to differ substantially according to which end of the grating is illuminated. While for practical applications the excess loss should be preferably 1 to 2 orders of magnitude less than the sample described here, the effect can still be important in fabrication and use of chirped FBGs, whether they be employed in dispersion compensation or as sensors.
CONCLUSION
The standard transfer-matrix model was adequate to predict reflectance spectra of chirped FBG sensors only when light was launched from the blue end, such that light never reached the zone of excess loss due to cladding modes. We have qualitatively explained observed asymmetric behavior as being due to spectrally shaped losses to cladding modes that modify reflectance spectra only when light is incident from one end of the grating. We have implemented and explained a suitable calculation based on the transfer-matrix method, which is able to reproduce the observed results. Better understanding of FBG reflectance characteristics will contribute to dispersion compensation using FBGs and to improved chirped intragrating sensors.
